Inelastic neutron scattering measurements on silver oxide (Ag 2 O) with the cuprite structure were performed at temperatures from 40 to 400 K, and Fourier transform far-infrared spectra were measured from 100 to 300 K. The measured phonon densities of states and the infrared spectra showed unusually large energy shifts with temperature, and large linewidth broadenings. First principles molecular dynamics (MD) calculations were performed at various temperatures, successfully accounting for the negative thermal expansion (NTE) and local dynamics. Using the Fourier-transformed velocity autocorrelation method, the MD calculations reproduced the large anharmonic effects of Ag 2 O, and were in excellent agreement with the neutron scattering data. The quasiharmonic approximation (QHA) was less successful in accounting for much of the phonon behavior. The QHA could account for some of the NTE below 250 K, although not at higher temperatures. Strong anharmonic effects were found for both phonons and for the NTE. The lifetime broadenings of Ag 2 O were explained by anharmonic perturbation theory, which showed rich interactions between the Ag-dominated modes and the O-dominated modes in both up-and down-conversion processes.
I. INTRODUCTION
Silver oxide (Ag 2 O) with the cuprite structure has attracted much interest after the discovery of its extraordinarily large negative thermal expansion (NTE), 1,2 which exceeds −1 × 10
and occurs over a wide range of temperature from 40 K to its decomposition temperature near 500 K. Besides its large NTE, Ag 2 O is commonly used as a modifier in fast-ion conducting glasses and batteries, 3, 4 and its catalytic properties are also of interest. 5, 6 In the cuprite structure of Ag 2 O shown in Fig. 1 , the fcc Ag lattice is expanded by the presence of the O atoms, which form an interpenetrating bcc lattice. The O atoms occupy two tetrahedral sites of the standard fcc unit cell of Ag atoms. Each O atom is linked to four O atoms through a bridging Ag atom, placing the Ag atoms in linear O-Ag-O links with little transverse constraint. A geometrical model of NTE considers tetrahedra of Ag 4 O around each O atom that bend at the Ag atoms linking the O atoms in adjacent tetrahedra. Rigid-unit modes (RUMs) account for counteracting rotations of all such tetrahedra. 7, 8 These RUMs tend to have low frequencies owing to the large mass of the unit, and hence are excited at low temperatures. Locally, the O-Ag bond length does not contract, but bending of the O-Ag-O links pulls the O atoms together, leading to NTE. This model correlates the NTE and lattice dynamics. Similar models seem to explain the large NTE of ZrW 2 O 8 and other systems.
The RUM model has value even if the Ag 4 O tetrahedra do not move as rigid units, but the interpretation of NTE becomes less direct. A related concern is that modes involving bending of the O-Ag-O links may be strongly anharmonic. In a recent study on ScF 3 , for example, by EXAFS also showed that the average Ag-O nearestneighbor distance expands slightly upon heating, but the Ag-Ag next-nearest neighbor distance contracts approximately as expected from the bulk NTE.
Anharmonic phonon behavior is known to be important for the thermodynamics and the thermal conductivity of materials at elevated temperatures. It is also important for the thermodynamic stability of phases. 14, 15 Anharmonic phonon behavior is sometimes associated with NTE, but such relationships are not well understood, and helped motivate the present study.
Inelastic neutron scattering is a powerful method to measure phonon dynamics, allowing accurate measurements of vibrational entropy. 16 Additionally, phonon energy broadening can be measured, allowing further assessment of how anharmonic effects originate from the non-quadratic parts of the interatomic potential. A recent inelastic neutron scattering experiment on Ag 2 O with the cuprite structure showed phonon softening (reduction in energy) with temperature. 17 The authors interpreted this result with a quasiharmonic model, where they calculated harmonic phonons for reduced volumes of the structure and obtained a negative Grüneissen parameter. These measurements were performed on the neutron energy gain side of the elastic line, restricting measurements to temperatures above 150 K, and the available energy range of 20 meV allowed about a quarter of the Ag 2 O phonon spectrum to be measured.
Lattice dynamics calculations, based on either classical force fields or density functional theory (DFT), have been used to study materials with the cuprite structure. [17] [18] [19] All these calculations were performed with the quasiharmonic approximation (QHA), where the interatomic forces and phonon frequencies changed with volume, but all phonons were assumed to be harmonic normal modes with infinite lifetimes. This QHA ignores interactions of phonons at finite temperatures through the cubic or quartic parts of the interatomic potential, but these interactions are essential to explicit phonon anharmonicity. Although the QHA calculation accounted for the NTE behavior in ZrW 2 O 8 , 20 for Ag 2 O with the cuprite structure, the QHA was only partly successful. Molecular dynamics (MD) simulations should be reliable for calculating phonon spectra in strongly anharmonic systems , [21] [22] [23] even when the QHA fails. To our knowledge, no MD investigation has yet been performed on Ag 2 O with the cuprite structure.
To study phonon anharmonicity in Ag 2 O, and its possible relationship to NTE, we performed temperaturedependent inelastic neutron scattering experiments at temperatures from 40 to 400 K to obtain the phonon density of states (DOS). (At temperatures below 40 K a first-order phase transition occurs, giving a temperaturedependent fraction of a second phase with different phonon properties 2, 24 .) Fourier transform infrared spectrometry at cryogenic temperatures was also used to measure the frequencies and lineshapes of phonons at the Γ-point of the Brillouin zone. First-principles abinitio MD simulations were performed, and by Fourier transforming the velocity autocorrelation function, the large temperature-dependent phonon anharmonicity was reproduced accurately. An independent calculation of anharmonic phonon interaction channels was performed with interacting phonon perturbation theory, and semiquantitatively explained anharmonicites of the different phonons. Most of the phonons have many channels for decay and are highly anharmonic. Although the QHA is capable of predicting about half of the NTE at low temperatures, part of this NTE is associated with anharmonicity, and most of the NTE above 250 K originates with anharmonic interactions between Ag-dominated and O-dominated phonon modes.
II. EXPERIMENTS

A. Inelastic Neutron Scattering
Inelastic neutron scattering measurements were performed with the wide angular-range chopper spectrometer, ARCS, 25 at the Spallation Neutron Source at Oak Ridge National Laboratory. Powder samples of Ag 2 O with the cuprite structure of 99.99% purity were loaded into an annular volume between concentric aluminum cylinders with an outer diameter of 29 mm and an inner diameter of 27 mm, giving about 5% scattering of the incident neutron beam. The sample assembly was mounted in a bottom-loading closed cycle refrigerator outfitted with a sapphire hot stage that can be controlled independently of the second stage of the cryostat. Spectra were acquired with two incident neutron energies of approximately 30 and 100 meV. Measurements were performed at temperatures of 40, 100, 200, 300 and 400 K, each with approximately 1.6 × 10 6 neutron counts. Backgrounds with empty sample cans were measured at each temperature. Ag has an absorption cross section of 63 barns, but this was not be a problem with low background and high neutron flux.
The raw data were rebinned into intensity I as a function of momentum transfer Q and energy transfer E. After deleting the elastic peak around zero energy, neutronweighted phonon densities of states curves were calculated from I(Q, E) by subtracting the measured background, and using an iterative procedure to remove contributions from multiple scattering and higher-order multiphonon processes.
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B. Fourier Transform Far-Infrared Spectrometer
The far-infrared spectrometry measurements were performed with a Thermo-Nicolet Magna 860 FTIR spectrometer using a room-temperature deuterated triglycine sulfate detector and a solid substrate beam splitter. The same Ag 2 O powder was mixed with polyethylene fine powder with a mass ratio of 1:19 and finely ground. The sample was compressed into a pellet of 1 mm thickness, and mounted on a copper cold finger of an evacuated cryostat filled with liquid nitrogen. The cryostat had polyethylene windows that were transparent in the far-infrared. Spectra were acquired at temperatures from 100 to 300 K, and temperature was measured with a thermocouple in direct contact with the sample pellet. Backgrounds from a pure polyethylene pellet of the same size were measured at each temperature. Figure 2 presents the "neutron-weighted" phonon DOS of Ag 2 O with the cuprite structure from ARCS data at two incident energies at temperatures from 40 to 400 K. Neutron-weighting is an artifact of inelastic neutron scattering by phonons. Phonon scattering scales with the scattering cross section divided by atom mass, σ/m, so the Ag-dominated modes around 8 meV are relatively weaker than the O-dominated modes around 63 meV. Since the instrument energy resolution is inversely related to both the incident energy and the energy transfer, the spectra in Fig. 2 (b) have generally higher resolution than in Fig. 2(a) . As shown in Fig. 2 , the main features (peaks 1, 2 and 3) of the DOS curve from inelastic neutron scattering experiments undergo substantial broadening with temperature, even below 200 K, indicating an unusually large anharmonicity. Along with the broadening, peak 1 stiffens slightly, but peaks 2 and 3 shift to lower energy by more than 3.2 meV. This is an enormous shift over such a small temperature range. Over the same temperature range, phonons of ScF 3 shifted by about 1 meV, for example. 9 To quantify thermal shifts, Gaussian functions were fitted to the three major peaks in the phonon DOS, and are seen, consistent with previous measurements at room temperature 27 . Analysis by group theory showed they have F 1u symmetry. The low frequency mode at 86 cm
C. Results
is an Ag-O-Ag bending mode, while the high frequency band corresponds to Ag-O stretching. Consistent with the trend of phonon DOS measured by neutron scattering, the high frequency band broadened significantly with temperature. From 100 to 300 K, the two modes shifted to lower energy by about 4 cm , respectively.
III. FIRST-PRINCIPLES MOLECULAR DYNAMICS SIMULATIONS
A. Methods
First-principles calculations were performed with the generalized gradient approximation (GGA) of density functional theory (DFT), implemented in the VASP package. [28] [29] [30] Projector augmented wave pseudopotentials and a plane wave basis set with an energy cutoff of 500 eV were used in all calculations.
First-principles Born-Oppenheimer molecular dynamics simulations were performed for a 3 × 3 × 3 supercell with temperature control by a Nosé thermostat. The relatively small simulation cell could be a cause for concern, 31 but convergence testing showed that the supercell in our study is large enough to accurately capture the phonon anharmonicity of Ag 2 O. The simulated temperatures included 40, 100, 200, 300 and 400 K. For each temperature, the system was first equilibrated for 3 ps, then simulated for 18 ps with a time step of 3 fs. The system was fully relaxed at each temperature, with convergence of the pressure within 1 kbar.
Phonon frequency spectra and their k-space structure were obtained from the MD trajectories by the Fourier transform velocity autocorrelation method. [21] [22] [23] 32 The phonon DOS is
where is an ensemble average, and v n,b (t) is the velocity of the atom b in the unit cell n at time t. Individual phonon modes could also be projected onto each k-point in the Brillouin zone by computing the phonon power spectrum. 21, 23 To better compare with data from inelastic neutron scattering, the calculated DOS at each temperature was convoluted with the ARCS instrumental broadening function, and was neutron-weighted appropriately. 9, 26 Calculations in the quasiharmonic approximation were performed two ways. In the lattice dynamics method, the thermal expansion was evaluated by optimizing the vibrational free energy as a function of volume. 9 Calculations were performed self-consistently with a 6-atom unit cell with a 10 × 10 × 10 k-point grid. Phonon frequencies were calculated using the small displacement method implemented by the Phonopy package. 33 These phonon dispersions in the QHA were also used for the anharmonic perturbation theory described below. The second method used MD calculations to implement the QHA. We removed the temperaturedependent explicit anharmonicity by performing simulations at 40 K for volumes characteristic of 400 K, which produced a pressure of 0.45 GPa at 40 K. Further computational details are given in the Supplemental Material. 34 At the lowest simulation temperature of 40 K, classical MD trajectories may require justification. In principle, nuclear motions could be better treated by mapping each nucleus onto a classical system of several fictitious particles governed by an effective Hamiltonian, derived from a Feynman path integral, for example. 35, 36 Such low temperature quantum effects are beyond the scope of this work. Nevertheless, our results should not be altered significantly by quantum effects for the following reasons. Our particular interest is in anharmonic phonon-phonon interactions at higher temperatures, and our new results concern the phonons and NTE above 250 K. A classical MD simulation is usually appropriate at higher temperatures. The modes most subject to quantum corrections are those involving the dynamics of the lower mass O atoms, but these are at high energies. They are not activated at 40 K, and show weak anharmonic effects. Relatively larger anharmonic effects at low temperatures are found in the modes below 10 meV. These are dominated by the Ag atoms, but with their high mass only tiny quantum effects are expected. There are several semi-quantitative methods to estimate the magnitudes of quantum corrections. For example, Berens, et al. 37 and Lin, et al. 38 suggest that quantum effects could be evaluated from the difference between the quantum and classical vibrational energy or free energy derived from the corresponding partition functions. These methods do not account for all quantum effects on nuclear trajectories, but for Ag 2 O at 40 K, by using both classical and quantum paritition function for the same phonon DOS, we found the vibrational energy difference between classical and quantum statistics is only 1.2% of the cohesive energy. Table I presents results from our MD simulations and experimental data on lattice parameter, bulk modulus, thermal expansivity, and phonon frequences at the Γ-point. As shown in Fig. 5 , the MD simulations predicted the NTE very well. On the other hand, consistent with a recent QHA calculation, 17 the NTE calculated with the QHA method was much smaller.
B. Results
The phonon DOS curves calculated from firstprinciples MD simulations are shown in Fig. 2 with the experimental spectra for comparison. To facilitate visual comparison, in Fig. 2(a) the energy axis of the calculated spectra were scaled by 6.8% to correct for underestimates of the force constants in the GGA method. Nevertheless, excellent agreement is found between the simulated phonon DOS and the experimental data, and the calculated thermal broadenings and shifts are in good agreement, too. Gaussian functions were also fit to the calculated spectra, and Fig. 3 compares these thermal shifts from experiment and calculation.
Because of the large mass difference between Ag and O atoms, the O-dominated phonon modes are well separated from the Ag-dominated modes. Partial phonon DOS analysis showed that the Ag-dominated modes had similar energies, forming the peak of the phonon DOS below 20 meV (peak 1 in Fig. 2 ), whereas the Odominated modes had energies above 40 meV (peaks 2 and 3). Figure 6 shows the normal modes from MD simulations, projected to the Γ-point. Six vibrational modes are evident, including the IR-active F modes. The calculated frequencies of these modes at 40 K are listed in Table I , showing good agreement with experiment. Large thermal shifts and broadenings are apparent in the simulated frequencies, consistent with experiment. The calculated peaks were then fitted with Lorentzian functions to extract the centroids and linewidths, which compare well with the FT-IR data as shown in Fig. 7 .
IV. ANHARMONIC PERTURBATION THEORY
A. Computational Methodology
Cubic anharmonicity gives rise to three-phonon processes, which are an important mechanism of phononphonon interactions. The strengths of the three-phonon processes depend on two elements -the cubic anharmonicity tensor that gives the coupling strengths be- tween three phonons, and the kinematical processes described by the two-phonon density of states (TDOS).
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From Ipatova, et al. 43 , an anharmonic tensor element for a process with the initial phonon mode j at the Γ-point and s phonons is
where the phonon modes { q i j i } have quasiharmonic frequencies {ω i } and occupancies {n i }. The C(.)'s are expected to be slowly-varying functions of their arguments. 44 We assume the term C( j; q 1 j 1 ; ...; q s−1 j s−1 ) is a constant for the initial phonon j, and use it as a parameter when fitting to trends from MD or experiment. Although C( j; q 1 j 1 ; q 2 j 2 ) changes with j 1 and j 2 , an average over modes,
is found by fitting to experimental or simulational results, where 1, 2 under the summation symbol represent q i j i . We define the cubic fitting parameter as
The second key element of perturbation theory is that interacting phonons satisfy the kinematical conditions of conservation of energy and momentum. This condition is averaged over all phonons with the two-phonon density of states (TDOS), defined as
The first and second terms in square brackets are from down-conversion and up-conversion scattering processes, respectively. The strength of the cubic phonon anharmonicity can be quantified by the quality factor Q, related to the phonon lifetime as the number of the vibrational periods for the energy to decay to a factor of 1/e, and Q = ω/2Γ, where 2Γ is the linewidth of the phonon peak. Considering Eqs. (2) to (5), the phonon linewidth is related to the TDOS, D(ω), weighted by the coupling strength. 23, 44 To leading order, the inverse of the quality factor can be expressed as a function of the TDOS 1 [11 and 12] . The IR active mode frequencies are from FT-IR measurements in the present work, and the frequencies of the lowest two modes are from the luminescence spectra in Ref. [39] .
The TDOS at various temperatures was calculated from the kinematics of all three-phonon processes, sampling the phonon dispersions with a 16 × 16 × 16 q-point grid for good convergence. The Q from MD simulations were used to approximate the anharmonicity of the phonon modes of different energies, and obtain the the coupling strengths |C
for the different modes.
B. Results
Fig . 8(a) shows calculated phonon dispersion curves of Ag 2 O with the cuprite structure along high-symmetry directions. From these, the TDOS spectra, D(ω), were obtained at different temperatures, presented in Fig. 8(b) for 40 and 400 K. At low temperatures there are two small peaks in the TDOS centered at 15 and 65 meV. Our calculation showed that the peak at 15 meV is from the decay processes of one Ag-dominated mode into two with lower frequencies, i.e., Ag → Ag + Ag. The peak at 65 meV originates from spontaneous decay of one Odominated mode into another O-dominated mode of lower frequency and one Ag-dominated mode.
At high temperatures there are more down-conversion processes, but an even greater change in up-conversion processes. Figure 8(b) shows how the strong downconversion peaks at low temperatures grow approximately linearly with temperature, following the thermal population of phonon modes involved in the interactions. Near the peak at 65 meV, one up-conversion band centered at 50 meV is also strong. This band comprises scattering channels in which one O-dominated mode is combined with a Ag-dominated mode to form a higher frequency O-dominated mode, i.e., O → O − Ag. At the low energy side, there is another band below 15 meV from two types of up-conversion processes. One is from Ag-dominated modes alone, i.e., Ag → Ag − Ag. The other involves two O-dominated modes, i.e., Ag → O − O, owing to the increased number of higher energy Odominated modes that can participate in these processes at higher temperatures. Figure 9 shows the inverse of quality factors, 1/Q, of the F
and A 2u phonon modes from FT-IR and MD calculations, together with the best theoretical fits with Eq. (6). These modes are near the centers of main features of the phonon DOS shown in Fig. 2, i. e., the peaks 1, 2, 3 and the gap in between, respectively, and are useful for understanding the overall anharmonicity. As shown in Fig. 9 , at higher temperatures the quality factors decrease substantially. At 400 K, the F In the quasiharmonic approximation (QHA), a mode Grüneisen parameter γ j is defined as the ratio of the fractional change of the mode frequency ω j to the fractional change of volume V, at constant temperature,
. The usual trend is for phonons to soften with lattice expansion, increasing the phonon entropy and stabilizing the expanded lattice at elevated temperatures. A negative Grüneisen parameter is therefore expected for the special phonon modes associated with NTE, such as RUMs. If all the anharmonicity of Ag 2 O with the cuprite structure is attributed to this volume effect, however, the values of Grüneisen parameters are approximately -9 for the high energy modes at peaks 2 and 3 of the phonon DOS, and -20 for the infraredactive F 1u mode. These anomalous values may indicate a problem with the QHA. The QHA method also significantly underestimates the NTE, and misses the behavior at temperatures above 250 K.
As seen in the figure in the Supplemental Material and in Fig. 6 , the giant negative Grüneisen parameters are inconsistent with the results of MD simulations. The volume change alone does not affect much the phonon lifetimes or frequency shifts. All features in the phonon spectra generated with the MD-implemented QHA showed little change except for small stiffening about 0.6 meV at high energies, in agreement with the recent lattice dynamics QHA calculations. 
B. Negative Thermal Expansion
Our eigenvector analysis of phonon modes showed that the three low-energy Ag-dominated F 2u , E u and F 1u modes correspond to two distinct types of vibrations. The F 2u mode involves rigid rotations of Ag 4 O tetrahedra, and could be considered as RUM. The E u mode involves the shearing of Ag 4 O units by changing the Ag-O-Ag bond angles. The F 1u mode measured by infrared spectrometry also shears the Ag 4 O units, and includes some displacements of O atoms. Shearing the tetrahedra was shown to reduce the average vertex-vertex distance 27, 45 and contribute to the NTE. In the cuprite structure, the modes associated with the rigid rotations and the distortions of the Ag 4 O tetrahedra have similar energies below 10 meV. They are equally favorable thermodynamically, and both would be active at very low temperature. As a consequence, there is simultaneously a large deformation of Ag 4 O units and a strong contraction of the Ag-Ag shell, as observed experimentally and computationally at low temperatures. The large thermal distortions of the Ag 4 O tetrahedra involve the Ag atoms at the vertices, and their large mass causes these distortions to occur at low frequencies. Polyhedral units in most other NTE materials are bridged by the lightweight atoms, such as O and C-N, so the polyhedra are distorted at significantly higher energies (usually above 40 meV), and may not distort at lower temperatures.
It is a thermodynamic requirement that the NTE of Fig. 5 must go to zero at T = 0, but the intervening phase transition at 40 K impedes this measurement. Nevertheless, the steep slope of the lattice parameter with temperature is consistent with the occupancy of phonon modes of 10 meV energy, suggesting that the QHA model of NTE involves the correct modes, such as the F 2u mode (which is a RUM). These low-energy modes are dominated by motions of the Ag atoms. This explanation based on the QHA is qualitatively correct, but anharmonic interactions are large enough to cause the QHA to underestimate the NTE by a factor of two.
C. Explicit Anharmonicity
At temperatures above 250 K, there is a second part of the NTE behavior that is beyond the predictions of quasiharmonic theory. This NTE above 250 K is predicted accurately by the ab-initio MD calculations, so it is evidently a consequence of phonon anharmonicity. The temperature-dependence of this NTE behavior follows the Planck occupancy factor for phonon modes above 50 meV, corresponding to the O-dominated band of optical frequencies. In the QHA these modes above 50 meV do not contribute to the NTE. These modes are highly anharmonic, however, as shown by their large broadenings and shifts.
For cubic anharmonicity, the two-phonon DOS (TDOS) is the spectral quantity parameterizing the number of phonon-phonon interaction channels available to a phonon. For Ag 2 O with the cuprite structure, the peaks in the TDOS overlap well with the peaks in the phonon DOS. Most of the phonons therefore have many possible interactions with other phonons, which contributes to the large anharmonicity of Ag 2 O with the cuprite structure, and small Q (short lifetimes). Although the Q values of most phonon modes in Ag 2 O with the cuprite structure are small and similar, the origins of these lifetime broadenings are intrinsically different. For peak 2 of the phonon DOS, the anharmonicity is largely from the up-conversion processes: O → O − Ag, while for peak 3 it is from the down-conversion processes: O → O + Ag. The anharmonicity of peak 1 is more complicated. It involves both up-conversion and down-conversion processes of Ag-dominated modes. The TDOS also shows why the A 2u mode has a larger Q than other modes. Figure 8(b) shows that the A 2u mode lies in the trough of the TDOS where there are only a few phonon decay channels.
Owing to explicit anharmonicity from phononphonon interactions, the thermodynamic properties of Ag 2 O with the cuprite structure cannot be understood as a sum of contributions from independent normal modes. The frequency of an anharmonic phonon depends on the level of excitation of other modes. At high temperatures, large vibrational amplitudes increase the anharmonic coupling of modes, and this increases the correlations between the motions of the Ag and O atoms, as shown by perturbation theory. Couplings in perturbation theory have phase coherence, so the coupling between Ag-and O-dominated modes at higher energies, as seen in the peak of the TDOS, causes correlations between the motions of Ag and O atoms. The ab-initio MD simulations show that anharmonic interactions allow the structure to become more compact with increasing vibrational amplitude. The mutual motions of the O and Ag atoms cause higher density as the atoms fill space more effectively. The large difference in atomic radii of Ag and O may contribute to this effect. Perhaps it also facilitates the irreversible changes in Ag 2 O at temperatures above 500 K, but this requires further investigation. For cuprite Cu 2 O, which has less of a difference in atomic radii, the thermal expansion is much less anomalous.
VI. CONCLUSIONS
Phonon densities of states of Ag 2 O with the cuprite structure at temperatures from 40 to 400 K were measured by inelastic neutron scattering spectrometry. The infrared spectra of phonon modes were also obtained at temperatures from 100 to 300 K. Large anharmonicity was found from both the shifts and broadenings of peaks in the phonon spectra. A normal mode analysis identified the rigid unit modes and the bending modes of the Ag 4 O tetrahedra that play key roles in the negative thermal expansion (NTE) at low temperatures. Some of the NTE can be understood by quasiharmonic theory, but this approach is semiquantitative, and limited to temperatures below 250 K.
First principles MD calculations were performed at several temperatures. These calculations accurately accounted for the NTE and local dynamics of Ag 2 O with the cuprite structure, such as the contraction of the AgAg shell and the large distortion of the Ag 4 O tetrahedra. The phonon DOS obtained from a Fourier-transformed velocity autocorrelation method showed large anharmonic effects in Ag 2 O, in excellent agreement with the experimental data. A second part of the NTE at temperatures above 250 K is due largely to the anharmonicity of phonon-phonon interactions and is not predicted with volume dependent quasiharmonicity.
Phonon perturbation theory with the cubic anharmonicity helped explain the effects of phonon kinematics on phonon anharmonicity of Ag 2 O with the cuprite structure. The phonon interaction channels for threephonon processes are given by the TDOS, weighted approximately by the phonon coupling strength. The phonons that are most broadened are those with energies that lie on peaks in the TDOS. The temperaturedependence of the quality factors Q of individual phonon modes measured by infrared spectrometry were explained well by anharmonic perturbation theory. Perturbation theory also showed strong interactions between the Ag-dominated modes and the O-dominated modes in both up-conversion and down-conversion pro-cesses. In particular, the strong interactions of Odominated modes with Ag-dominated modes causes the second stage of NTE at temperatures above 250 K. 
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